Abstract: The objective of this study is to estimate the prevalence of finger blanching among the workers in a shipyard of Korea using the dose-response relationship suggested by ISO 5349. The characteristics of vibration exposure produced by six types of grinders were investigated. Vibration measurement was made under the real work conditions. Exposure time was estimated by questionnaire and direct observation. In addition, cold provocation tests were performed, and the results from the tests were compared with the estimated prevalence. As a result, 4 hour-energyequivalent frequency-weighted accelerations of the finishing grinding (FG) and the prepainting grinding (PG) jobs were 6.23 m/s 2 and 13.39 m/s 2 , respectively. The mean exposure time for holding the grinders was 4.64 h per day. Using the ISO 5349 method, it was predicted that after exposure to vibration for 10.79 yr, about a half of the FG workers could develop finger blanching. For the PG workers, the corresponding predicted latency was 5.02 yr. A discrepancy was found between the results from the ISO relationship and those from the cold provocation tests. A linear regression model was suggested employing vibration acceleration and vibration exposure time as explanatory variables for vascular dysfunction.
Introduction
Various technical developments in our society have introduced mechanical vibration into our daily life. Especially, powered hand tools are widely used throughout a variety of industries. One of the immediate concerns about vibration is its effects on health. Occupational exposure to hand-arm vibration has been known to induce vascular disorders such as vibration white finger (VWF), bone and joint deformation, and neurological disorders including carpal tunnel syndrome. In occupations employing chain saws, chippers, grinders, and pneumatic hammers, the prevalence of vibration-induced symptoms, known collectively as handarm vibration syndrome (HAVS), has been reported as greater than 40% 1) . In addition, vibration has been shown to be a risk factor for work-related musculoskeletal disorders (WMSDs). WMSDs refer to a collection of painful disorders of muscles, nerves, tendons, ligaments, joints, cartilage, or spinal discs that are caused or aggravated by work conditions 2) . To prevent and control HAVS, a dose-response relationship is necessary. ISO 5349 3, 4) guidelines recommended exposure in terms of the number of years before onset of finger blanching for a population of workers who have been exposed to hand-transmitted vibration. These guidelines were based on frequency weighted acceleration and dose-response relationships for a daily occupational exposure period of four hours in its earlier version 3) and for eight hours in the later version 4) . The American Conference of Government Industrial Hygienists threshold limit values for hand-arm Industrial Health 2007, 45, 359-364 vibration 5) are based on the frequency weighted acceleration and exposure durations to which are believed most workers can be exposed repeatedly without progressing beyond stage 3 (extensive blanching of the digits) of the Taylor-Pelmear classification system for VWF 6) . To apply any of guidelines, an accurate assessment of vibration magnitude and exposure time is necessary. However, in such flexible work situations as shipbuilding works where powered hand tools are intensively used, vibration exposure for individual jobs is difficult to measure or predict simply from production rates and cycle times. This is because shipbuilding workers perform a variety of tasks at a number of workstations consisting of a complexity of work elements, and cycle times are considerably variable. Furthermore, workers may operate several tools in the process.
The main objective of this study is to estimate the prevalence of finger blanching among the workers in a shipyard of Korea. Six types of the grinders used in shipbuilding works were surveyed to identify vibration characteristics and determine exposure in the representative jobs that require use of some of these tools. Vibration measurement was made under the real work conditions. Exposure time was estimated by questionnaire and direct observation. Using the dose-response relationship suggested by ISO 5349, the prevalence of the finger blanching was estimated. In addition, cold provocation tests (CPT) were performed to evaluate vascular dysfunction, and the results from the CPT were compared with the estimated prevalence of finger blanching.
Subjects and Methods

Subjects
This research was conducted in one of the major shipyards in Korea. Total 114 male workers participated in the investigation. The mean age was 34.8 (SD=5.8) yr and the mean working year with the vibration tools was 5.7 (SD=3.5) yr. Most of them were finishing grinders (FG) or prepainting grinders (PG). Besides, a small number of workers were involved in hammering, plumbing, welding, materials handling, and paint spraying jobs. 72 men out 114 subjects (63.2%) were smokers with smoking history of 10.81 yr, and they had no medications that could influence the result of the CPT.
Exposure time measurement
The actual vibration exposure time was estimated from the net working hours obtained from the questionnaire on the working hours per day. The subjects reported the working time with vibratory tools during a working day. Such time would be different from the actual exposure time to vibration.
Since FG and PG workers perform the same types of work throughout a full day, randomly selected 12 (6 FG and 6 PG) subjects were continuously monitored during one hour before lunch break and another one hour after lunch break, and actual exposure time to vibration was measured by stopwatch. The average ratio of actual exposure time to the working time with each vibratory tool was used to calculate the actual daily vibration exposure time.
Vibration measurement
In this study, earlier version of ISO 5349 3) standard was applied which offers a dose-response relationship in the dominant axis of vibration, and the exposure period before onset of finger blanching. However, in its more recent version 4) , the evaluation of vibration exposure is based on a quantity that combines all three axes (root-sum-of squares of the three components values). In Korea, still the earlier version has been adopted as a national standard of vibration measurement, and this paradigm was also applied in this study.
Vibration from six types of hand-held grinders was measured. The types of the grinders were 4-inch, 7-inch, 4-inch with disk paper installed, 4-inch with brush installed, and baby grinder with brush installed. All tools were in good operational condition.
For vibration measurement, the basic centrifugal coordinate system was used. Vibration measurements were made directly from the locations on the tools closest in contact with the hands. Some tools were equipped with accessory handles or were held using two hands during some operations and vibration measurements were made from these points as well.
Tool vibration was measured using Bruel & Kjaer (B&K) 4374 accelerometers and 8 channel charge amplifiers (B&K 5974). Accelerometers were calibrated using a B&K 4294 reference calibrator having a root-mean-square amplitude of 9.8 m/s 2 . The accelerometers were calibrated before and after the measurement to verify their integrity. Acceleration waveforms were recorded using a SONY PC208Ax cassette tape recorder for signal analysis in the laboratory. Vibration was recorded while running the tools for at least 30 s. 1/3 octave of the frequency analyzer was used in the laboratory to analyze the saved data for the frequency ranges of 6.3-1,250 Hz. A low-pass filter was used for anti-aliasing with a cutoff frequency of 1,250 Hz. Each series was weighted using a hanning window, and was transformed to the frequency domain using a Fast Fourier Transform algorithm.
CPT
The hand and arm of the subject were submerged in 10°C water up to the elbow for 10 min and then, skin temperature was measured using a skin thermometer (Yokogawa 2455) right before submergence, and in 5 min/10 min/15 min/20 min after taking the hands out of water. The hand was not covered (bare hand) during immersion. The indoor temperature was maintained at 22°C and the subjects' hand was put on the table, making the palm upward. Finger skin temperature was measured at the back of the middle phalanx of the 3rd fingers of both hands.
Correlation analysis
Correlation analysis was performed between the results from the CPT and ISO dose-response relationship. In doing so, the temperature change during a 10-min recovery period was adopted as a criterion for vascular dysfunction. That is, the difference between the initial temperature (T 0 ) and the temperature after 10 min taking the elbow out of water (T 10min ) was computed for both hands of each subject. Next, for each subject, the average value of both hands was correlated with the percentile value of onset of finger blanching obtained from the ISO dose-response relationship.
Results
Vibration exposure time
Both FG and PG jobs have different working patterns using different tools, so the actual time of vibration exposure for each tool was measured using a stopwatch to obtain exposure rate, which is shown in Table 1 .
From the questionnaire, the mean daily working time was found 8.98 (SD=0.66) hours and the actual working time except for 1.5 h of break session was 7.48 h. To get the ratio of the actual exposure time to the actual working time, several workers were observed for two hours during working with each type of grinder and it was found that they had the tools in their hands for 37.2 min (62%) during an hour. This means that the FG and PG workers were exposed to the grinders for 4.64 h a day on average. The estimated times of exposure for each tool are shown in Table 2 . Table 3 shows 4 h-energy-equivalent frequency-weighted accelerations, (a h,w ) eq (4) , of the grinders obtained by applying ISO 5349 3) . In addition, the vector sums of the accelerations from three axes were also presented in Table 3 . Considering the actual exposure time presented in Table 2 , the mean (a h,w ) eq(4) was calculated as 6.23 m/s 2 in the FG job and 13.39 m/s 2 in the PG job, as shown in Table 4 .
Vibration characteristics
Dose-response relationship by ISO 5349
The dose-response relationship suggested in the Annex A of ISO 5349
3) was applied and the details are shown in Table 5 . For example, it was predicted that after exposure to vibration for 10.79 yr, about a half of the FG workers could develop finger blanching. For the PG workers, the corresponding predicted latency was 5.02 yr. Table 6 shows the results from the CPT. There were significant differences between the initial temperature and the temperatures at 5 min, and those at 10 min (α=0.05 by paired t-test). However, the difference between the initial temperature and the temperature at 20 min was not significant. And no significant differences were found between the hands. In addition, there were no significant differences between the FG workers and the PG workers.
CPT
Correlation between ISO 5349 and CPT
Correlation analysis was performed between the results from the CPT (that is, the recovery of vascular function measured as the difference between the initial temperature and the temperature after 10 min taking the elbows out of water, then averaged across the hands) and ISO dose-response relationship (that is, the percentile of onset of finger blanching obtained from the ISO dose-response relationship). Since there were no significant differences between the results from the CPT for the FG workers and the PG workers, the data of the FG and PG workers were aggregated. The Pearson's correlation coefficient was 0.134 (p=0.281), which means there is no significant correlation between two quantities.
Further, to determine the explanatory variables relevant for vascular dysfunction, correlation analysis was performed between the recovery of vascular function (T 0 -T 10min ) and the factors believed to be affective, including vibration acceleration (a h,w ) eq (4) , duration of vibration exposure, age, duration of work career, history of smoking, history of alcohol drinking, and interaction effects of the factors. It was found that as shown in Figs. 1 and 2 , only 4 h-energy equivalent frequency-weighted accelerations (m/s 2 ) and duration of vibration exposure (yr) were correlated with the recovery of vascular function with no significant interaction effects (α=0.01), and (T 0 -T 10min ) could be expressed in a regression model employing these two explanatory variables (R 2 = 0.728).
(T 0 -T 10min ) = -0.668 + 0.337 × 4 h energy equivalent frequency-weighted accelerations (m/s 2 ) + 0.767 × duration of vibration exposure (yr)
Discussion
The main objective of this study was to estimate the prevalence of finger blanching among the workers in a shipyard of Korea using the ISO 5349 dose-response relationship. Four hour-energy-equivalent frequencyweighted accelerations of the FG job and the PG job were 6.23 m/s 2 and 13.39 m/s 2 , respectively. The mean exposure time for holding the grinders was 4.64 h per day. Using the ISO 5349 method, it was predicted that after exposure to vibration for 10.79 yr, about a half of the FG workers could develop finger blanching. For the PG workers, the corresponding predicted latency was 5.02 yr. The ISO doseresponse relationship was not significantly correlated with the results from the CPT. A regression model for the results of the CPT was proposed from the results. It is difficult to assess vibration exposure dose in real industrial settings. The period of daily tool use can be difficult to estimate due to the highly varied and intermittent operations involved with work processes. This is further complicated when several different tools are used or other aspects of a job change frequently. In this study, actual exposure time to vibration was measured by stopwatch. The average ratio of actual exposure time to the working time with each vibratory tool was used to calculate the actual daily vibration exposure time. This ratio can be used as a correction factor to calculate the actual daily exposure time with decreased uncertainty which will give a better basis for adequate risk assessment. Further studies are expected in which the calculation would be obtained over longer periods.
ISO 5349 4) provides guidance for the evaluation of handtransmitted vibration exposure measured in three orthogonal axes over daily exposure time of eight hours. However, Korean national standard still adopts the earlier version of ISO 5349 3) . Introducing the recent version of ISO 4349 as a national standard should be examined soon, although there are some criticisms on the later version in that the frequency weighting overestimates the low frequency effect but underestimates the high frequency effect on the fingers and hand 7, 8) . A wide range of objective tests to diagnose VWF has been tried. The cold provocation test is one of the objective tests, widely conducted in many countries including Japan. Despite some limitations, it was reported that the repeatability of the test was acceptable for the routine diagnosis 9) and the recovery rate of finger skin temperature after cold-water provocation is one of the useful methods for diagnosing the vascular component of HAVS 10) . There is no consensus on a vascular test that is sufficiently robust to be recommended for the diagnosis of HAVS, and in our study, the temperature change during a 10-min recovery period was used as a criterion for vascular dysfunction, and similar criterion was suggested in other study 11) . Investigation of the validity and reliability of this test method should be followed along with possibility of introducing other measures.
In our study, it was found that the ISO dose-response relation was not correlated the results from the CPT, and a new model for the CPT results was proposed. Very many factors combine to determine the probability of vibration injury, and it would be naive to assume that the relation between vibration and blanching as defined in ISO 5349 will often be found in practice. In addition, it should not be assumed that the magnitude and duration of vibration are the sole factors determining the probability and severity of injury caused by hand-transmitted vibration, since there can be a complex interrelation between other causal factors and the consequences of vibration exposure. More evidence will be needed to confirm our results.
